In this article, the authors propose a novel procedure for designing a customized 3D-printed surgical template to guide surgeons in inserting screws into the sacral zone during arthrodesis surgeries. The template is characterized by two cylindrical guides defined by means of trajectories identified, based on standard procedure, via an appropriate Computer-Aided-Design (CAD)-based procedure. The procedure is based on the definition of the insertion direction by means of anatomical landmarks that enable the screws to take advantage of the maximum available bone path. After 3D printing, the template adheres perfectly to the bone surface, showing univocal positioning by exploiting the foramina of the sacrum, great maneuverability due to the presence of an ergonomic handle, as well as a break system for the two independent guides. These features make the product innovative. Thanks to its small size and the easy anchoring, the surgeon can simply position the template on the insertion area and directly insert the screws, without alterations to standard surgical procedures. This has the effect of reducing the overall duration of the surgery and the patient's exposure to X-rays, and increasing both the safety of the intervention and the quality of the results.
Introduction
Screw placement in spinal segments is a frequently used procedure for posterior stabilization of the spine [1, 2] via arthrodesis intervention [3] . The variability of pedicles' geometries and orientation, their small size, as well as the existence of nearby nerve roots and vascular structures can cause problems for screw placement.
This paper focuses on interventions in the lower back area, in particular the sacrum [4, 5] . Arthrodesis surgeries in the sacral zone are made in cases of spinal deformity, as well as in cases of fracture [6] . The most common surgeries use screws and rods. The screws are inserted into the bone structures and locked by means of connecting bars. Screws with cement augmentation are sometimes used to enhance stability [7, 8] . Generally, this type of intervention is manually executed, and results are hence significantly dependent on the experience of the surgeon. In addition, the risks of incorrect positioning of the screws, as well as risks related to the radiation dose, appear high. Other techniques characterized by greater precision but also by huge complexity and costs are available [9, 10] . A solution to these problems is the use of a patient-specific template. Bibb et al. describe the advantages of using rapid prototyping for manufacturing patient-specific drill guides (e.g., stereo lithography) [11] .
The accurate placement of screws inside the spine has always been a very difficult aspect of arthrodesis surgeries. The standard arthrodesis procedure consists in etching the area of intervention, opening it with the use of appropriate retractors, and bringing the bone tissue to light moving/removing of most of the organic tissues that cover the area. In this case, the bone tissue is covered by the joints and muscles and is not, therefore, directly visible. The surgeon then prepares the screw access via two awls: an opening awl, required to open the cortical bone; and a depth awl to build the canal, featuring markers at different lengths. The definition of the screw channel is made via an iterative process characterized by several X-rays, the outcome of which is highly dependent on the experience of the surgical team. The surgeon then measures the length of the channel generated using an appropriate probe to determine the length of the screw. The insertion of the screws is normally done manually with a special screwdriver and by exploiting the previously prepared channel. Once inserted, the screws are connected together with bars. The choice of the entry point for the screws and the direction of the insertion are the two key problems encountered during these kinds of surgeries. Once the entry point is fixed, surgeons generally need to make adjustments or corrections to the direction of the screws. The incorrect positioning of the screws may lead to an increase in the overall duration of surgery, and, consequently, more harmful, real-time X-ray checks [1, 2] and can cause operating failures and subsequent re-operations,. Computer-Aided Surgery (CAS) uses systems that provide real-time assistance to the surgeon during the operation. The key technique of CAS methodology is surgical navigation that allows the surgeon to operate in a minimally invasive way, with a reduction in unnecessary movements and an increase in accuracy. However, there are also considerable disadvantages: the high cost of the equipment; exposure to radiation; the need of additional staff. Moreover, from a technical perspective, the calibration process is very complicated and an incorrect final positioning of the patient might lead to imprecision [2] . The use of patient-specific surgical templates for guiding the screws inside the bone tissue is a valid alternative to the described methodologies. The literature reports two different approaches for designing a patient-specific template. The first approach is to consider the shape of the guide as a negative of the vertebra bone surface [12] [13] [14] . The second approach uses supports affixed to the transverse process, the spinous process, and/or the lamina [15] [16] [17] [18] . Regarding the preoperative definition of the ideal screw direction, most of the studies are based on the prior identification by the surgeon [19, 20] and in a few works [21] [22] [23] [24] [25] the authors determine a predefined best pedicle screw trajectory and/or diameter and maximum screw length. Few studies have focused on the improvement and optimization of arthrodesis surgery conducted on the sacral zone of the spine by means of a template to guide the screws inside the bone. Mazda et al. (1998) [26] in the context of the Jackson intrasacral fixation designed a template for the safe positioning of transpedicular endplate screws by determining a 'cylinder of safety'. The efficiency of the device is yet to be confirmed by anatomic and clinical studies. [27] proposed 3D printed template design for the fixation of sacral fractures based on the anatomic features of the posteroiliac section and the channel. Ryan et al. (2013) [28] patented a patient-specific alignment guide including a patient-specific portion and a guiding element with a through opening for sacroiliac fixation. Chen et al. (2012) [29] designed a personalized image-based template for patients with unstable pelvic ring fractures which showed better correct screw positions, reduced radiation exposure, and shorter surgery time compared with the conventional fluoroscopy-based surgeries. Merc et al. (2013) [30] performed a clinical study on the manufacture of templates for the lumbar and sacral regions that enable the implantation of simultaneous multiple-level screws, evaluating also the error rate [31] . Éltes et al. (2016) [32] created a template for sacrum with two screw-guiding structures using photoactive 3D printing technology. Merc et al. (2017) [33] concluded that although the template for sacral pedicle screw placement does not reduce pain and disability than the free-hand technique, however, does reduce the incidence of cortex perforation.
In light of this evidence, a drill guide is still an additional tool that could potentially compete with other screw placement techniques in the future. 
Purpose
The goal of this work is to create an ad hoc surgical template for the sacrum using rapid prototyping methods. A novel procedure designed to pre-plan the screw insertion trajectories in the sacrum is proposed. These trajectories are defined by means of a Computer Aided Design (CAD) model of the insertion area obtained through appropriate reverse engineering techniques. Even the length and diameter of the screws can be chosen appropriately. In addition, the proposed shape and the anchorage system make the template placement univocal and comfortable, avoiding incorrect relative positioning between the template and the sacrum. In this way, the surgeon can apply the patient-specific template quickly and safely to the area of intervention and insert the screws without changing the standard surgery procedure.
Materials and Methods
CAD/CAM (Computer Aided Manufacturing) software are widely used in the biomedical field both for the reconstruction of bone scaffolds and devices from DICOM (Digital Imaging and COmmunications in Medicine) images and in their design and manufacture [25, [34] [35] [36] . The proposed procedure involves the following steps (see Figure 1 ): 3D reconstruction of the entry zone; determination of the screw insertion directions; 3D modelling of the template; physical production of the template model. 
Purpose
Materials and Methods
3D Reconstruction of the Entry Zone
From DICOM images obtained by CT (Computerized Tomography) scans of the sacral zone, and using 3D Slicer open-source software (Slicer 4.8 released; https://www.slicer.org/), the entire sacrum and some parts of L5 and the iliac bones are segmented to define the boundaries of a possible area for a dorsal application of the template. The STL (Solid To Layer) model corresponding to the segmented areas is rebuilt using the same software. The STL model is then transformed into an IGES (Initial Graphics Exchange Specification) model using Geomatics software (by 3D Systems, 333 Three D Systems Cir. Rock Hill, SC 29730, USA). The IGES model is defined by surfaces, allowing small areas of the sacrum to be analyzed using CAD software. Then, the 3D reconstruction is imported into Rhinoceros modelling software (by Robert McNeel & Associates, 3670 Woodland Park Ave N Seattle, WA 98103, USA). Coronal, sagittal, and transverse planes, that are the characteristic planes of the human body, are considered coincident with those of the CT scans.
Procedure for Determining the Insertion Directions
In the sacral zone, the screws are normally inserted into S1 or S2, and can be oriented in the wings or in the vertebral body. The first of these involves alar screws; the second, pedicle screws. The entry point of the screws in S2 (S2-alar screws) [37] is located and routed along the wings. In this way, it is possible to employ a wider area that is free from obstacles compared to S1, which is characterized, conversely, by the presence of some L5 structures. Moreover, thanks to the direction along the wings, a greatest volume of bone is available, which facilitates anchoring. In some tests, S2 alar screws resulted in more stability than the more frequently used S1 pedicle screws [38, 39] . The structures that the screw does not have to overcome are [40] :
•
The external surface of the sacrum, as the sacrum-iliac joint could be laterally damaged, resulting in the appearance of pain. Dorsally, the sacral nerves protruding from the foramina could also be damaged;
The interiors canaliculi that connect the dorsal and ventral foramina in which the sacral nerves are located;
The surface delimiting the sacral canal that contains the sacral nerves.
In the CAD environment, a plane is appropriately positioned to be sufficiently frontal to the foramina that delimit S2. On this level, an average line between the foramina is defined. This line is placed at half of the minimum distance between the upper and lower S2 foramina. From each side view, a line through the vertex of the ideal triangle defined by the outer surfaces of the wings, and intersecting the average line, as defined above, in the middle point between the foramina (see Figure 2 ) is drawn. The lying plane of the individual screw axes is defined by the combination of the average line between the foramina and the single line passing through the vertex of the triangle (see Figure 2 ). Based on the classical surgical procedure, the identified direction enables the screw to take advantage of the maximum available bone path, which is crucial to facilitate anchoring. The protection of the channels, which connect the foramina, is ensured by choosing the average line between them. In these planes, the screws' "transition angles" are defined through the lines tangential to the sacral canal on one side and the wing outer surface on the other. The bisectors of the defined angles are generated, and these represent the screw directions (see Figure 3) . The diameter and length of the screws depend on the anatomy of the sacrum, the application of the screw, and the screw supplier. Generally, for these applications, diameters ranging from 6-8 mm are used. Screws of 7 mm diameter were evaluated here, and no surface-breakings of any kind (see Figure 3) were observed. Furthermore, staying too far from the outer surface does not allow the bone cortical layer (extremely hard tissue which favors the anchorage) to be used. 
3D Modelling of the Template
The proposed procedure prescribes the use of rear holes (foramina) of the sacrum for the univocal template anchorage. In this specific case, the four foramina delimiting S3 and the spinous process function as a hold (four points are generally ideal for stable positioning, which is further encouraged by the central support of the spinous process [25] ). The footprint of the template is, therefore, defined via all the surfaces that comprise it. These surfaces are then moved to a separate layer. The solid is obtained via poly surfaces' offset derived by 3D patch of the outer surface of the sacrum to be covered with the template. Different surfaces, which delimit the template, are therefore defined. First, the footprint foramina is closed using circular flat surfaces so that the template does not excessively penetrate them, to avoid colliding with nerve bundles. The upper surface of the template is modelled by the sweep of a second-degree curve. This curve is drawn on a sagittal plane directed symmetrically to the base surface. The direction of the sweep is defined using another parabolic curve lying on a plane orthogonal to the preceding plane (see Figure 4) . These surfaces are joined through a prism the base of which defines exactly the shape the template will connect to the sacrum. The base is extruded in a direction such that the resulting surface is sufficiently (between 85° and 95°) orthogonal to the bearing surface of the template (see Figure 5 ). Blank areas between the spinous process and the surface of the sacrum, which arise during the procedure, are filled by appropriately designed loft surfaces (see Figure 6 ). With the guidance of expert surgeons, a handle is added, which allows the surgeon to use the template more easily and ergonomically. The handle is placed as low as possible not to interfere with the insertion of the screws. Finally, by means of CAD software suitable for surface and freeform modelling (e.g., Rhinoceros) automatically reconstructs the closed solid, the boundaries of which are defined by intersecting surfaces defined above (see Figure 6 ). From DICOM images obtained by CT scans of the sacral zone, and using 3D Slicer open- 
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From DICOM images obtained by CT scans of the sacral zone, and using 3D Slicer open-source software, the entire sacrum and some parts of L5 and the iliac bones are segmented to define the boundaries of a possible area for a dorsal application of the template. The STL model corresponding to the segmented areas is rebuilt using the same software. The STL model is then transformed into an IGES model using Geomagic software. The IGES model is defined by surfaces, allowing small areas of the sacrum to be analyzed using CAD software. Then, the 3D reconstruction is imported into Rhinoceros modelling software. In addition for this modelling, CT scan planes and human body planes have been aligned (coincident).
Error Chain Analysis
Each modelling step may introduce errors due to modelling features (like approximating geometries or IGES vs. STL format), to designer's errors and to reconstruction errors. In order to check the reliability and the precision of the final model for Rapid Manufacturing, several measures have been taken on the original DICOM file using the measuring tools that are available in the MiView™ Software (NITRC, Washington, DC, USA). Main dimensions and distance between anatomical parts (like foramina, wings' width, sacral canal width, etc.) have been used for a randomized check of measures and the error was always under 0.7 mm, to be considered more than acceptable based on the excellent results of the bone-template coupling tests made on the printed specimens that will be discussed later. An error-checking protocol has not yet been developed.
Generation of the Template
Once modelled, the template can be easily generated through rapid prototyping. Biocompatible materials must be used to build the template, since it will be in contact with the internal structures of the body. A prototype was created to evaluate the characteristics of the template and its functionality. Stereolithography (SLA) technique (Form 2 by Formlabs, Formlabs Inc. 35 Medford St. Suite 201. Somerville, MA 02143 USA) was utilized to generate the template and the left guide (see Figure 8A ,B) using a biocompatible resin (Dental SG, Class 1 biocompatible resin (EN-ISO 10993-1:2009/AC: 2010, USP Class VI) designed to directly print surgical and pilot drill guides). 3D printing was realized with a layer thickness of 0.05 mm. The supports were automatically generated in such a way that they do not appear on the contact surface characterizing the bone-template coupling. After 3D printing the model was immersed in 95% isopropyl alcohol (IPA) for 20 min to remove residues and subsequently, after drying at room temperature, it was postcured in a UV oven for 20 min to complete the polymerization (the resin is autoclavable for in vivo tests). The template was generated in 4 h (Form 2 does not allow the printing speed to be set). The process was carried out without problems, resulting in a template that is light, practical, and pleasantly ergonomic to use. Regarding the guide, an outside diameter equal to that of the inner rails of the template was assigned, in the event the material experienced dimensional shrinkage after processing [25] . This, along with its tendency to wear out easily, justifies the choice. The insertion of the guide into the template, repeated several times, obtains a smooth and very stable coupling due to wear by friction, which improves operational safety. To evaluate the coupling of the model with the surface of the sacrum, the portion of the sacrum in contact with the template was created using Fused Filament Fabrication (FFF) technique (Sharebot by Sharebot S.r.l., Via Montello, 18, 23895 Nibionno (LC)) by using ABS (Acrylonitrile Butadiene Styrene) material (see Figure 8C,D) . Errors introduced by 3D printing can be controlled and are always under 0.5 mm; the proof of this is given by the perfect match between two solids realized with two different 3D printing technologies. 
Discussion
The approach presented in this work does not modify the standard procedure, and does not require expensive equipment as, for example, is the case with navigation systems. On average, the cost of a surgical navigation system is €85,000 per year (instrumentation amortization and specialized personnel). In Italy, approximately 50,000 spinal fusion procedures take place annually. On average about 50 operations take place per year for each surgical structure [41] . A rough estimate of the costs resulted in a cost of €500 (raw materials, specialized personnel, equipment, etc.) per surgical operation using the surgical template and, as a result, an average of €25,000 per year for the surgical structure [41] . Moreover, the approach presented in this work does not force the patient and the surgical staff to long imaging sessions with the consequent high doses of radiation. The procedure consists in etching and opening the screw insertion area, skeletonising the underlying structures of interest (operations prescribed by standard procedure), and applying a template that allows the screw insertion to be drilled directly into the bone surface. The surgeon simply applies the template to the bone surface and inserts the screws. The template will anchor easily and securely to the bone, and the directions of the screws will both facilitate the anchoring of screws to the internal bone tissue and not damage the extremely delicate structures around the sacrum. The main disadvantages of this approach are the strong bleeding, the considerable invasiveness, and the high risk of infection that can lead to very serious consequences if the patient is suffering from other pathologies. After the generation of the support and the template, the coupling between the surface of the sacrum and the template is not only stable but also very simple to achieve manually, enhancing the ease of the operation. The template is very compact, which makes for ease of handling and, consequently, a successful intervention. Furthermore, it allows for the incision and the opening to be minimized, reducing the invasiveness. Two common rapid prototyping technologies were used and compared. Both allow for the generation of complex geometries. However, the SLA obtains a better surface quality than the FFF, despite its longer processing times. From the reception of the CT scans to the realization of the 3D printed physical model an average time of 8 h has been calculated. The estimated errors are always under 1.2 mm; this value is fully compatible with surgery of the sacrum-in the 
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Conclusions
In this work, the authors tried to improve surgical arthrodesis in the sacral area, defining a possible alternative methodology that was not in conflict with conventional techniques. A template design procedure was conceived, which, after appropriate skeletisation of the intervention zone, can be applied to the dorsal face of S2 and S3 and drive the insertion of the screws in the sacrum. To avoid damaging delicate structures and to facilitate the anchoring of the screws, it was necessary to assess the trajectory of the screws via CAD modelling of the sacrum. The procedure is based on the definition of the insertion direction by means of anatomical landmarks that enable the screws to take advantage of the maximum available bone path, which is crucial to facilitate anchoring. Moreover, the product can be considered innovative due to the perfect adherence of the device with the bone surface, the univocal positioning determined by exploiting the holes present on the sacrum (foramina), the maneuvrability of the device determined by the presence of the handle, as well as the break system of the independent guides. This approach avoids the high costs and the high doses of ionizing radiation associated with surgical navigation, which is currently considered the most appropriate technique for arthrodesis interventions [25] . A long operation duration, difficulties associated with the iterative nature of manual techniques, and all risks related to these, are also avoided. By exploiting the potential of virtual design and rapid prototyping, a fully defined and cheap device based on individual patient characteristics can be appropriately generated. The physical production of the template was performed using stereolithography. The surgical template appears very comfortable to use and the insertion of the left guide, produced using the same technology, does not require any special methods. The coupling between the template and a support, generated via FFF, was also assessed, reproducing the surface of the sacrum to which the template is applied. According to experienced surgeons who supported the authors during the development of the device, the resultant coupling was very stable and simple to achieve. One limitation of this approach is the lack of an error-protocol checking for the 3D-modeling/3D-printing operations; this has to be developed in order to assure the precision of the template both for coupling it on the sacrum bone and for identifying the correct direction for screw insertion. Future developments in this field of research should include the experimental validation of the described surgical device via in vivo testing as reported in a previous work [25] , an appropriate analysis of bone density (Hounsfield unit) and the automatization of the procedure by means of an algorithm, written in the CAD environment, that is able to create a virtual model of the template with the optimal directions, thereby allowing users to prototype it directly by means of a 3D printer. 
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